The synthesis and structural characterization of zwitterionic [(η 6 -C 6 H 5 -BPh 3 )M(coe) 2 ] (M = Rh, Ir) cyclooctene complexes is described. Both complexes exhibit an unusual exo-endo conformation of both cyclooctene ligands in the solid state. However, an equilibrium between the endo-endo and exo-endo rotational isomers arising from the hindered rotation about the metal-cyclooctene bond is observed in 10 solution. Rotational barriers of around 65 kJ·mol -1 (Rh) and 84 kJ·mol -1 (Ir) have been determined by 2D
Introduction
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Zwitterionic transition metal complexes composed of a cationic metal fragment and a negatively charged ancillary ligand within an overall neutral molecular framework have attracted considerable attention. 1 Usually, these complexes exhibit the broad solubility and solvent tolerance of neutral species while 20 maintaining the reactivity pattern of related cationic complexes, which have a limited solubility. Tetraphenylborate, BPh 4 -, has been largely utilized as a weakly coordinating anion in transition metal-based chemistry resulting in the formation of discrete ionic metal complexes. 3 However, the 25 coordination ability of tetraphenylborate through the phenyl rings provide access to species featuring strong metal-η 6 -arene interactions which remain as the most widely explored zwitterionic transition metal complexes. 4 This is particularly true for rhodium chemistry where a range of zwitterionic rhodium(I) 30 tetraphenylborate complexes containing both mono-and bidentate ligands such as [(η 11 More recently, this compound has also been shown to promote the arylation of 40 several unsaturated compounds using tetraarylborate as phenyl source.
12
On the other hand, complexes [(η 6 -C 6 H 5 -BPh 3 )Rh(diene)] (diene = cod, nbd, tfb) have been proven to be efficient initiators for the polymerization of monosubstituted acetylenes. 13 It has been found that the π-acidity of the diene 45 ligand strongly influences the catalytic activity. 14 In fact, the nbd and tfb zwitterionic complexes (nbd = 2,5-norbornadiene, tfb = tetrafluorobenzobarrelene) have shown an outstanding catalytic activity allowing for the preparation of highly stereoregular poly(phenylacetylene)s. Our research interest has been recently focused on the synthesis and catalytic applications of transition metal complexes containing heteroditopic ligands of hemilabile character that incorporate strong electron donors, such as phosphines and carbenes. 16 We have shown the potential of flexible hemilabile 55 functionalized phosphine ligands of the type Ph 2 P(CH 2 ) n Z (Z = OR, NR 2 ) for the design of efficient rhodium catalysts for the stereoregular polymerization of phenylacetylene, 17 and the regioselective anti-Markovnikov oxidative amination of alkenes.
18 In this context, we envisage the usefulness of the 60 zwitterionic complex [(η 6 -C 6 H 5 -BPh 3 )Rh(coe) 2 ] for the synthesis of diene-free catalyst precursors by replacement of the labile cyclooctene ligands by functionalized phosphine ligands. 19 We report herein on the synthesis and characterization of zwitterionic [(η 6 -C 6 H 5 -BPh 3 )M(coe) 2 ] (M = Rh, Ir) complexes.
Much to our surprise, we have found that both compounds exhibit a dynamic behaviour associated to restricted rotation of the coe ligands. Olefin complexes are typically dynamic in nature and, as matter of fact, the propeller-like rotation of bound ethylene about the metal-olefin bond is a well-known process supported by 70 abundant experimental work besides spectroscopic and theoretical studies. 20, 21 However, this phenomenon is much less common for cyclooctene complexes 22 and, to our best knowledge, has never been reported for bis-cyclooctene complexes.
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Results and discussion
Compound [(η 6 -C 6 H 5 -BPh 3 )Rh(coe) 2 ] (1) was prepared by reaction of [Rh(µ-Cl) (coe) 2 ] 2 with a 10% excess of NaBPh 4 over the stoichiometric amount (2 equiv) in methanol and isolated as a 80 pale yellow solid in excellent yield. The compound was fully characterized by elemental analysis, mass spectrometry and multinuclear NMR spectroscopy. In addition, the zwitterionic character of 1 was further confirmed by an X-ray diffraction study, which showed the η 6 -arene coordination of the The metal complex results to show a half-sandwich structure with a η 6 -coordination of one of the phenyl groups of the BPh 4 -anion and two η 2 -cyclooctene ligands, linked through their olefinic bonds, completing the metal environment. Both coordinated olefins exhibit clear static disorder and have been modeled on the 15 base of two molecules with complementary occupancy factors (0.678 and 0.322(4)). As it is shown in Figure 1b , the cyclooctene disorder determined in the crystal involves a formal 180º-rotation of the double bonds about the rhodium-olefin vector, together with a modification of the G-Rh-M bond angle, from a mean 20 value of 143.23(12)º for the endo disposition to a value of 118.97(11)º in the case of the exo conformation. Table 1 collects selected bond distances angles for 1, stating data only for the two disordered cyclooctene molecules with higher occupancy. (3) 2.312(6) C(1)-C(2) 1.398(5) 1.417(8) C(9)-C(10) 1.394 (7) 1.408 ( Although the heavy disorder of the cyclooctene molecules (and also those of a phenyl group and the solvent molecule) precludes 35 obtaining precise structural parameters, from the data determined for 1 a clear asymmetry in the η 6 -arene coordination is evident (Rh-C(arene) cross-peaks between the ortho, meta and para protons, respectively, besides of weak NOE cross-peaks, which indicate that both species interconvert in solution ( Figure 2a ). The exchange process is also observed for the =CH resonances of the cyclooctene ligands ( Figure 2b ) which strongly suggests the 70 presence of two rotamers arising from the hindered rotation about the Rh-coe bond imparted by the bulky η 6 -C 6 H 5 -BPh 3 ligand. . The analysis of the spectroscopic data is in agreement with an equilibrium between the endo-endo and exo-endo rotamers ( Figure 3 ). 
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The exo-endo rotamer displays two distinct resonances for the =CH protons at 3.62 (exo) and 2.68 ppm (endo) in the 1 H NMR spectrum, which points to an ideal C s symmetry, if free rotation of the phenyl rings and a low rotational barrier about the arenerhodium axis is assumed. Accordingly, two resonances were 15 observed for the =CH carbons at 74.84 (J C-Rh = 13.2 Hz, endo) and 63.02 ppm (J C-Rh = 12.0 Hz, exo) in the 13 C{ 1 H} spectrum. In agreement with the ideal C 2v symmetry, the endo-endo rotamer shows a single resonance at 2.54 ppm for the =CH protons, however, a broad coalesced resonance at 78.32 ppm was 20 observed for the equivalent olefinic carbons. showed the presence of the endo-endo and exo-endo rotamers in a 3:1 ratio. As it was observed for 1, the =CH protons of the coe ligands for the exo-endo rotamer were found to be shifted significantly downfield (3.52 and 2.46 ppm) compared to the endo-endo rotamer (2.10 ppm). In the same way, the =CH 35 carbons were found upfield-shifted for the exo-endo rotamer (57.62 and 45.06 ppm). However, in contrast with 1, this resonance for the endo-endo rotamer was observed as a sharp singlet at 62.64 ppm. The molecular structure of the iridium zwitterionic compound 2 has been determined by an X-ray 40 diffraction study. As suggested from the similar cell parameters, complexes 1 and 2 resulted to be isotypic in the solid state. An analogous molecular structure has been found, with minor changes in the structural parameters (see Table 1 ), most probably associated to small differences in the crystalline disorder.
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The Ir-G(centroid) distance (1.806(2) Å) in 2 is similar to that reported in 1, and again a broad range of Ir-C bond distances (2.233(6)-2.401(5) Å) has been observed. However, it is interesting to remark that these M-C(arene) distances, in both complexes, exhibit an analogous pattern having two significantly 50 shorter distances (2.250 and 2.261(3) Å in 1, and 2.233(6) and 2.241(5) Å in 2), and a clearly longer distance for the ipso carbon (2.410(3) Å in 1, and 2.401(5) Å in 2). The two shortest Rh-C distances are nearly trans-disposed to the olefinic bonds, showing the electronic inter-ligand influence through the metal.
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Although the olefinic C=C bond distances seems not to be sensitive to the electronic or steric effects, as they exhibit statistically identical values for the two coe molecules in both complexes, and similar to the values reported in related systems, 24 the M-C(olefin) distances clearly showed a 60 dependence of the endo/exo disposition, having shorter M-C bond distances for the endo conformations (2.172(3) in 1, and 2.163(5) Å in 2) and longer for the exo dispositions (2.244 (3) less stable isomer by ∆G = 32.8 kJ·mol -1 above the first one. This suggests that only the exo-endo and endo-endo isomers are close enough in energy to be involved in the observed equilibrium while the exo-exo remains unobserved. 26 For the iridium compound a similar relationship has been calculated. The highest 75 energy isomer is the exo-exo which is at ∆G = 41.7 kJ·mol -1 above the exo-endo while the endo-endo is just at ∆G = 2.0 kJ·mol -1 above it. The rotation process between the exo-endo and endo-endo conformers of the rhodium compound has been studied by a series of partial optimizations using a z-matrix coordinates setup and driving the dihedral angle which governs the olefin rotation towards +180 and −180º values in 15º steps spanning a full rotation of one of the coe ligands. In this z-matrix coordinate system the endo-endo isomer is located at +16º and the more 5 stable endo-exo at 185º (Figure 4) . The electronic total energy profile shows some irregularities, which reflect the variable environment of the olefin ligand during the rotation process that can lead to diverse steric interactions. The most relevant feature is the location of two different energy maxima which suggest that 10 the easiest isomerization pathway could be an oscillation of the coe ligand (windshield wiper motion) between its two minimum energy positions through the lowest energy barrier (around 46 kJ·mol -1 of electronic energy, interpolated from the rotation scan) instead of completing a full rotation which would imply ca. 23 15 kJ·mol -1 of additional electronic energy to surmount the highest barrier which should be a less probable event. Experimental rotational rates and barriers for 1 and 2 were obtained from magnetization transfer experiments using 2D EXSY NMR spectroscopy. This method has been increasingly applied to the study of complex kinetic processes, fluxional 25 behaviour, rotational barriers and conformational analysis. 27 The essential feature of a quantitative 2D EXSY experiment is the relationship between the intensity of the cross-peaks and the rate constants for chemical exchange. The forward and backward exchange rate constants, k 1 and k -1 , for the rotamer equilibrium 30 endo-endo exo-endo in complexes 1 and 2 ( Figure 3 ) were determined by integration of the cross-peaks between the para resonances of the η 6 -arene in both interconverting species in the 1 H 2D-EXSY NMR spectrum. The integrals of the exchanged cross-peaks were processed using the EXSYCalc program to give 35 the rate constants (k and k -1 ), 28 and the activation energies by using the Eyring equation (see SI). The kinetic parameters for the endo-endo exo-endo equilibrium are summarized in (Rh) and 84 kJ·mol -1 (Ir) have been determined experimentally by 2D EXSY NMR spectroscopy. The energy profile for the rotation process interconverting the endoendo and exo-endo rotational isomers strongly suggests that the most probably isomerization pathway is a windshield wiper 25 motion of the cyclooctene ligands instead of completing a full rotation. Finally, preliminary reactivity studies on these zwitterionic complexes have shown that the cyclooctene ligands are less labile than could be expected.
Experimental
30
Synthesis
All experiments were carried out under an atmosphere of argon using Schlenk techniques. Solvents were obtained from a Solvent Purification System (Innovative Technologies). Oxygen-free solvents were employed throughout. CD 2 Cl 2 was dried using 35 activated molecular sieves. Standard literature procedures were used to prepare the starting materials [Rh(µ-Cl) MicroTof-Q using sodium formiate as reference.
[(η η η η 6 -C 6 H 5 -BPh 3 )Rh(coe) 2 ] (1) NaBPh 4 (210 mg, 0.614 mmol) was added to a yellow suspension of [Rh(µ-Cl) 84, 126.38, 126.23, 123.57, 123.46 (CH, 31.96, 31.62, 31.77, 29.87, 26.46, 25.95, 25.78, 25.72 (>CH 2, coe AgBF 4 (43.4 mg, 0.223 mmol) in acetone (15 mL) for 1 h and filtering off the AgCl formed. The orange solution was stirred for 2 h to give a white suspension that was concentrated to 3 mL and then filtered. The iridium compound was extracted with dichloromethane (3 x 2 mL) and the solution brought to dryness 90 under vacuum. Washing of the residue with methanol (2 x 2 mL) gave the compound as a white solid, which was filtered and dried under vacuum. Yield: 71% (116 mg). Anal. Calcd for C 40 H 48 BIr: C, 65.65; H, 6.61. Found: C, 65.58; H 6.92 33.17, 33.02, 32.86, 32.79, 30.40, 26.60, 26.42, 26.37, 26.07 (>CH 2 , coe 
Theoretical Calculations
All computations were performed using the Gaussian 09 package. 34 The structures of the minima were fully optimized without geometrical constraints and confirmed by frequency 5 calculations. The rotation of the cyclooctene ligand was studied by setting up a z-matrix definition for the molecule and driving the relevant dihedral through a full rotation (see SI). Calculations were carried out using the B3PW91 functional and the basis sets used were: LANL2DZ supplemented with an f function 35 and its 10 associated ECP for rhodium and 6-31G** for the rest of atoms.
Crystal Structure Determination
Single crystals for the X-ray diffraction study of 1 and 2 (irregular blocks) were grown by slow diffusion of methanol into concentrate solutions of the compounds in CH 2 Cl 2 at 253 K. X-15 ray diffraction data were collected at 100(2) K on a Bruker APEX DUO CCD diffractometer with graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å) using narrow ω rotations (0.3°).
Intensities were integrated with SAINT-PLUS program 36 and corrected for absorption effects with SADABS. 37 The structures 20 were solved by direct methods with SHELXS-97 38 and refined, by full matrix least-squares on F 2 , with SHELXL-97. 39 Both structures were refined first with isotropic and later with anisotropic displacement parameters for non-H atoms. At this point, ADP's revealed that both crystal structures showed a largest difference peak 1.247 e/Å 3 , observed in the spatial region of one of the disordered coe molecules. In this complex, also one of the non-coordinated phenyl groups of the BPh 4 -anion showed static disorder; a simple model with two isotropic C 6 H 5 groups with identical occupancy were included in the refinement. 
